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1. Introduction
The response of a large number of detectors to ionizing 
radiations of different quality is characterized by the the-
ory of track structure,1-8 according to whether the detec-
tors can be described as having 1-or-more hit, c-or-more 
hit (in a single target) response, or as requiring 1-or-more 
hits in each of m targets in a sensitive volume. Included 
among 1-hit detectors are many solid state systems (most 
photographic emulsions, scintillators, color center forma-
tion, radical formation in organic molecules) and some 
biological systems (the inactivation of enzymes and vi-
ruses or the creation of single strand breaks in DNA). 
Certain underdeveloped photographic emulsions have 
been identified as c-or-more hit detectors, with hitted-
ness ranging to 8. The m-target detector model has been 
applied to many biological cells and tissues. 
If 1-hit response to electron beams is interpreted to 
imply that the observed end-point can be achieved af-
ter the passage of a single electron through the sensitive 
target, then biological cells require the passage of more 
than 1 electron through the cell nucleus, through m or 
more targets, to inactivate the cell. A c-or-more hit detec-
tor requires the passage of c-or-more electrons through 
the sensitive target to produce the observed end-point. 
Since delta-rays (secondary electrons) are clustered 
around the path of an energetic heavy ion, the passage 
of a single ion through the nucleus of a cell, or through 
the sensitive target of a c-hit detector, may result in its 
(in)activation. Thus while the response of such a de-
tector to beta-rays, or to the secondary electrons from 
gamma-rays, is supralinear, its response to heavy ions is 
linear, or more accurately, exponentially saturating. 
In radiobiology, one speaks of the Relative Biologi-
cal Effectiveness (RBE) of two different radiation fields, 
of different LET (Linear Energy Transfer, or stopping 
power) as the ratio of the doses to produce the same ef-
fect. The reference radiation is often taken to be gamma-
rays, thus defined to have RBE = 1. Typically we find 
that the RBE is a function of LET, and since the dose-
effect relationships may have different shapes, the RBE 
may also be a function of the dose, or of the effect level. 
The terminology has carried over to other detectors that 
are not biological. 
The concentration of delta-rays around the path of a 
high LET particle leads to energy wastage, or overkill, 
with 1-hit detectors, so that the RBE of a 1-hit detector 
is never greater than 1, and typically declines with an 
increase in LET. This concentration of delta-rays leads 
to an enhanced response in m-target or c-hit detectors, 
at low dose levels, so that these detectors (say, biolog-
ical cells) display an RBE which first increases with an 
increase in LET, passing through a maximum, and then 
declining when more than half the sensitive targets in-
tersected by the ion are (in)activated, so that a further 
increase in LET results in energy wastage in the targets 
already killed. The question as to what does one mean 
by low LET or by high LET—compared to what—must 
be answered by track theory. 
2. Track theory
The structure of the track of an energetic heavy ion is 
built from the radial distribution of “local dose” de-
posited by delta-rays (secondary electrons) in concen-
tric cylindrical shells about the ion’s path. Typically we 
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calculate the average (over many identical ions) radial 
distribution in local dose by a series of constructs and 
approximations, involving a delta-ray distribution for-
mula, an assumption of the initial angular distribution 
of the ejected electrons, electron range-energy relations, 
or experimentally based electron energy dissipation al-
gorithms, and so on. From such calculations we find a 
dominant result that the radial distribution in local dose 
varies as z2/β2t2, where z is the effective charge number 
of the ion (accomodating for charge pick-up), β is its rel-
ative speed, and t is the radial distance from the ion’s 
path. The local dose drops to zero as we approach and 
exceed distances t = τ corresponding to the outermost 
radial reach of the most energetic delta-rays permitted 
by collision kinematics. The radial distribution of local 
dose ‾E(t), deposited in a sensitive cylinder of radius a0 
whose axis is parallel to and at radial distance t from the 
ion’s path, is shown in Figure 1, for a particle passing 
through water. 
We consider detectors to be characterized by a sensi-
tive target, of radius a0, and by a characteristic dose E0 of 
gamma-rays. We take the ratio ‾E/E0 (for the local dose 
from delta-rays, or D/E0 for the macroscopic dose from 
gamma-rays) = A, to represent the average number of 
“hits” per target. Thus E0 is the macroscopic dose of 
gamma-rays at which there is an average of 1 hit per 
target. By the word “hit” we mean an interaction lead-
ing to a scored event. Thus E0 and a0 are two of our de-
tector parameters, which join the number m or c. We 
cannot parameterize a detector with fewer than three 
parameters unless there are internal relations joining 
these numbers based on the fundamental nature of the 
detector. 
In many cases the character of the response of the de-
tector to heavy particles is associated with the response 
of sensitive elements through which the particle passes, 
when t/a0 < 1. From Figure 1 we note that for small ra-
dial distances, and sufficiently high particle speeds that 
the distance τ is not a limiting feature, we find for t < a0 : 
‾Eβ2a0
2/z2 = 2 × 10–7 erg/cm,                        (1) 
where the numerical value on the right-hand side of the 
equation is calculated for water, and changes for differ-
ent media, though the form of the figure remains essen-
tially the same. Thus we find for t < a0: 
‾E/E0 = z2/β2(E0a0
2/2 × 10–7 erg/cm).           (2) 
It is convenient to define
κ = E0a0
2/2 × 10–7 erg/cm ,                     (3) 
and to use the quantity κ as a universal detector param-
eter through which we can characterize low and high 
LET radiation effects. We find that it is convenient to 
characterize
                    low LET radiations:   z2/κβ2 < 0.1, 
high LET radiations:   z2/κβ2 ≥ 0.1,              (4) 
so that what is low LET or what is high LET depends 
on the detector perceiving the radiation. We have found 
values of κ ranging from 10 to 104 in different detectors. 
For a number of biological cells κ is in the neighborhood 
of 1,000, making it appear that the boundary between 
low and high LET is clearer than in fact it is, when ex-
pressed in units of stopping power. 
To represent detector response we have used two 
functional forms, called the multi-target and the multi-
hit 9 models, in which we take the probability that the 
Figure 1. Radial distribution of local dose, ‾E(t), deposited in a 
near circular cylinder of radius a0 whose axis is parallel to and 
at radial distance t from the path of an ion of effective charge 
number z moving at relative speed β through water. 
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sensitive element of a detector (the photographic grain, 
the nucleus of a biological cell, the activation center in 
a scintillator) will be (in)activated in a uniform field of 
gamma-rays at dose D to be multi-target: 
P(m, A) = (1 – e–A)m,    or                                       (5) 
multi-hit: 
P(c, A) =                                                                   (6) 
where: 
A = D/E0.                                                                (7) 
In a 1-or-more hit detector, with a single target, c = m 
= 1, and the expressions are identical. Their graphs are 
of very similar form (though at different values of A) for 
low m or c, and differ increasingly as m or c are larger 
than 3. For the special cases of 1- and 2-hit detectors of 
interest here, the expression equation (6) reduces to
1-or-more hit:   P(1, A) = 1 – e–A ,                      (8) 
2-or-more hits; P(2, A) = 1 – (1 + A) e–A .          (9) 
When we know the quantities E0, a, and m or c, 
for a detector, we can find the radial distribution of 
(in)activation probability about an ion’s path, by apply-
ing equation (5) or (6) to Figure 1. Thus we can gener-
ate a computer simulation of the track of a heavy ion in 
nuclear emulsion,7 or we can integrate radially to find 
the cross-section for the inactivation of an enzyme mole-
cule,1 or the relative pulse height in a scintillation coun-
ter,2-5 or the surviving fraction of a collection of irradi-
ated biological cells.4 
To describe the effects of heavy ions on m-target de-
tectors (biological cells) or on c-hit detectors we must in-
troduce the concepts of “ion-kill” and “gamma-kill.”
By ion-kill we mean that the sensitive element of a de-
tector is (in)activated by a single heavy ion, when the 
fluctuating delta-ray density is sufficient to produce the 
requisite number of hits. 
By gamma-kill we mean that the number of delta-rays 
from an ion is insufficient for inactivation, but that sub-
lethal damage is done by one ion, and that the contribu-
tion from the delta-rays of a second or a third ion add 
together to produce the (in)activation. This effect is par-
allel to the accumulation of sub-lethal damage from the 
secondary electrons ejected from the medium by the ab-
sorption of gamma-rays. 
When the gamma-kill mode is dominant, we inter-
pret the interaction as from a many-hit or a many-tar-
get process, for delta-rays from several ions must hit the 
target to (in)activate it. In radiobiology we see a survival 
curve with a shoulder. 
When the ion-kill mode is dominant, we interpret the 
interaction as a 1-hit process, for a target need be hit by 
only one ion to (in)activate it. In radiobiology we see ex-
ponential survival curves, without shoulders. 
We begin to see the effects of ion-kill as z2/κβ2 ex-
ceeds 0.1. It is for this reason that we have used this 
value in equation (4) to discriminate between low and 
high LET radiation. 
If we think of the irradiation with a beam of heavy 
ions as a two-step process, in which the survivors of the 
ion-kill component of the irradiation are the initial pop-
ulation to be exposed to gamma-kill, we can see that 
the response to a beam of ions passes from many-hit or 
many-target to one-hit as we pass from low to high LET 
radiation. 
Although these considerations were first developed 
from the application of track theory to radiobiology, 
they clearly must apply to any detector exhibiting a su-
pralinear response to gamma-rays. 
For our discussion of thermoluminescent dosimeters 
it is convenient to display the incremental response of a 
1- and a 2-hit detector dP/dA, as a function of the “rel-
ative dose,” A. In Figure 2, this is plotted as the relative 
efficiency, normalized to 100%, at maximum. We also 
show P(c, A) vs A in Figure 3. 
If a detector contains both linear (1-hit) and supralin-
ear (2-hit) elements, the value of E0 need not be the same 
for the different classes of sensitive elements, nor can 
we expect that the number of sensitive elements in the 
two classes is the same. Thus a real detector containing 
both classes of elements may exhibit their contributions 
shifted horizontally, when plotted as a function of dose, 
and normalized to different vertical values.      
Figure 2. “Efficiency” of 1-hit and 2-hit detectors plotted as a 
function of the relative dose, A. 
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3. Thermoluminescent dosimeters
The response of thermoluminescent dosimeters 
(TLDs) to ionizing radiations is described in books by 
Becker,10 by Cameron et al.,11 in papers published in four 
international conferences held in 1965,12 1968,13 1971,14 
and 1974,15 as well as in the periodical literature. 
After irradiation with low LET radiations, like 
gamma- or beta-rays, TLDs typically exhibit a linear re-
sponse at low dose levels, and a supralinear response at 
higher doses. The supralinear component may make its 
appearance at exposures from 1 R to 1000 R, depending 
on the crystal, its doping, its annealing, and previous ir-
radiation history. A saturation in response is often ob-
served at exposures in the neighborhood of 105–106 R. 
In some crystals the supralinear response disappears af-
ter annealing. 
The emitted light is measured as a function of time 
or temperature, as the crystals are heated in an oven ac-
cording to a prescribed cycle. The light is typically emit-
ted in peaks at different temperatures, presumably as 
electrons are released from different trap structures. The 
light yield is sometimes represented as the peak height 
of a fixed peak in the glow curve, or as the maximum 
height of the glow curve, or as the total integrated light 
between some fixed temperature limits. The response 
may be linear in one peak and supralinear in another. 
The supralinear response is often associated with the 
higher temperature peaks. 
In Figures 4-6 we display the response of three phos-
phors, TLD-200 (CaF2:Dy) for peaks 5+6,16 BeO for the 
glow peak maximum,17 and H63A (LiF) for the 110° 
peak,18 as decomposed into 1-or-more and 2-or-more 
hit responses, by visual fitting techniques. Values of E0 
and of the relative contributions of the 1-hit and the 2-
hit traps are shown in table 1, for the particular readout 
made of these responses.  
The transition from supralinearity with low LET radi-
ations (gamma- and beta-rays, fast protons) to linearity 
with high LET radiations (slow He ions, stopping alpha-
particles, neutron interactions, heavy ions) has been ob-
served by a number of investigators.17, 19–24 
Figure 3. The cumulative Poisson distribution P(c, A) vs the 
number of trials A, representing the probability that c-or-more 
hits are scored when there is an average of A trials per target. 
Figure 4. The heavy line shown superimposed over experi-
mental data 18 for a LiF dosimeter is the sum of the response 
represented by two light lines, for 1-hit and 2-hit traps. 
Figure 5. BeO.17 See caption to Figure 4. 
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The situation in regard to the variation of RBE with 
LET is not so clear. Some have noted a decline in re-
sponse with an increase in LET,19, 21, 22, 25 as would be 
appropriate to a 1-hit detector. At the same time there 
are indications 19 that the RBE of thermal neutrons ex-
ceeds 1, in a high temperature peak of TLD-100, and this 
has provided the basis of a system for the separate iden-
tification of neutron and gamma-exposures,26 by con-
sidering the ratio of the signals obtained from an initial 
reading of the light released between 150 and 250 °C, to 
that from a second reading at 325 °C. The second read-
ing is 1.5% of the first if the dosimeter has been exposed 
only to gamma-rays (below 100 R) and is 17% if exposed 
only to neutrons. In the light of track theory these obser-
vations depend on whether one is reading 1-hit or 2-hit 
traps, and on the balance between ion-kill and gamma-
kill in the neutron irradiations. 
While their data do not lend themselves to ready in-
terpretation in terms of the present model, Tochilin et 
al.17 have noted a possible connection between a high 
degree of supralinearity with low LET radiations, and 
an increasing TL response per Rad with high LET radi-
ations, as a result of their comparisons of the low and 
high LET responses of BeO, Li2B4O7:Mn, and LiF. For 
BeO, an “RBE” relative to 60Co gamma-rays of about 2 
was observed, for heavy ions. 
A much clearer connection between RBE to high LET 
radiations and supralinearity is made by Jaek et al.,23 
who claim values of 200–400 for special peaks in CaS 
phosphors irradiated with alpha particles, and sug-
gest that these substances may therefore be used for 
the selective registration of neutrons above a gamma 
background. 
The numerical values of the RBE depend on the dose 
level, with the highest values to be obtained at the low-
est doses,8 if the present model is applicable to these ex-
periments. This comes about simply enough, from the 
comparison of doses at which the effects are the same, in 
two dose-response curves having different shapes, as in 
Figure 3. 
We must point out that the analysis of Jaek et al.23 is 
very similar in perspective to our own, in connecting the 
response of the dosimeter to gamma-rays to its response 
to high LET particles through the local dose in the neigh-
borhood of the particle track, although that analysis is a 
qualitative one. 
We propose no model of a trap structure which might 
account for 2-or-more hittedness. 
The preceding paragraphs give some substance to 
the possible existence of 1-hit and 2-hit traps, and offer 
a conceptual structure in terms of which we can account 
for the presently observed response of TLDs to high LET 
radiations. 
Data are not available from which a more precise test 
of the model can be made. 
The response of the 1-hit traps to high LET radiations 
is in good accord with the theory.21  
It is the 2-hit trap structure which needs further 
elaboration. 
Table 1. Properties of some thermoluminescent dosimeters. 
Substance                              Reference                                         1-hit trap                                                   2-hit trap
                                                                                                     E0                    Relative                               E0                                      Relative
                                                                                                    (R)           contribution                          (R)                       contribution
H63A (LiF) Cameron et al.18 1.0 × 103 1 2.4 × 103 80
BeO Tochilin et al.17 3.5 × 104 2.2 1.2 × 106 1
TLD-200(CaF2:Dy) Binder et al.16) 1.0 × 106 26 1.0 × 103 1
Figure 6. CaF2: Dy.16 See caption to Figure 4. 
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